Isogenic bacterial populations are known to exhibit phenotypic heterogeneity at the 20 single cell level. Because of difficulties in assessing the phenotypic heterogeneity of a 21 65 5 difficult to assess the heterogeneity of a single taxon within a mixed community. 66 Recently, several experimental approaches that assess the metabolic diversity of a 67 single taxon in natural communities have been developed (19, 20). However, these 68 approaches rely on FISH-probes that bind to 16S rRNA gene sequences for 69 identification of the taxon of interest. Hence, they do not allow to exclude the possibility 70 that some of the observed phenotypic differences are caused by minor genetic 71 differences between bacteria with very similar 16S rRNA genes.
D 2, ), which include both richness and evenness, decreased (Fig. S6) , but the phenotypic 134 richness (D 0 ) of the coculture members decreased as compared to the axenic cultures 135 ( Fig. 2A) . This indicates that the interaction did not only lead to a reorganization of the 136 phenotypic community structure (i.e. change in the relative abundances of the 137 cytometric bins), but that the number of non-empty bins on the cytometric fingerprint 138 was reduced due to the interaction, implying not only a redistribution of trait 139 abundance, but a reduction in trait heterogeneity. 140 Using a contrast analysis, differences between the phenotypic fingerprints of 141 populations can easily be visualised in bivariate parameter spaces. To evaluate whether 142 the observed lower diversities were linked with specific shifts in the cytometric 143 fingerprint, differences in scatter and fluorescence patterns of the axenic cultures and 144 the cocultures were assessed. The differences in scatter patterns were limited for both 145 taxa (Fig. S10) . In contrast, a clear difference in fluorescence intensity was observed 146 (Fig. 2, B and C, Fig. S7 ). For Enterobacter there was a shift towards high fluorescence 147 cells in the coculture as compared to the axenic culture. This difference became larger 148 over time. For Pseudomonas there was a more limited difference, with a small 149 enrichment of lower fluorescence cells. Thus, there was not only a reduction in 150 9 population diversity, but there was also a shift of the population fingerprint. Moreover, 151 this shift was taxon-dependent. 152 To further compare the cytometric fingerprints of the different populations, a PCoA 153 ordination was generated based on the Bray-Curtis dissimilarities between the 154 fingerprints ( Fig. 3) . In this ordination, the fingerprints of the taxa, both under axenic 155 and under coculture growth, are separated, with the mixed culture in between. The 156 populations show a significant shift in their phenotypic structure through time (p = 157 0.001, r 2 = 0.154). In addition, there is a significant difference in the fingerprint of 158 Enterobacter when present as an axenic culture compared to being present in the 159 coculture (p = 0.001, r 2 = 0.455). For Pseudomonas the differences between the axenic 160 cultures and coculture members were not significant (p = 0.092, r 2 = 0.170). The mixed 161 culture shifted from a community that is more resembling Enterobacter at the first 162 measurement, towards a community that is more similar to Pseudomonas at the second 163 and third measurement.
164
To better understand the interaction that was occurring between Enterobacter and 165 Pseudomonas, we applied a novel machine learning approach to infer the relative 166 abundances of both taxa in the mixed community. Previous results confirmed our initial 167 hypothesis that the phenotypic diversity of a taxon can be influenced by the presence of 168 other taxa. In order to take this into account, a random forest classifier was trained, for of Enterobacter in the community at 24 h, followed by a gradual enrichment of 173 Pseudomonas at the second and third time point ( Fig. 4) . 174 In summary, both Enterobacter and Pseudomonas showed lower phenotypic diversities 175 in the coculture compared to their axenic culture counterparts. However, while the 176 overall phenotypic community structure did not change substantially for Pseudomonas 177 (i.e. small differences in beta-diversity and limited shift towards lower fluorescence Pseudomonas that was grown in the coculture was observed. However, when 194 performing PCA for each taxon separately, cells from each synthetic community were 195 separated well ( Fig. 5 B and C) . This confirms the previous results, indicating that for 196 both taxa a phenotypic shift occurred, but that this shift was larger for Enterobacter 197 than for Pseudomonas. 198 Since the Raman spectrum of a single cell is a combination of the spectra of all 199 compounds that make up this cell (e.g. proteins, nucleic acids, fatty acids, etc.), the 200 signal intensity at every wavenumber is the result of all compounds that produce a 201 signal at this wavenumber. The Raman spectra of all DNA and RNA bases are available 202 from literature (42) as well as information regarding peak regions that are assumed to 203 be related to nucleic acids in general (43). We aimed to investigate whether the shift in 204 fluorescence intensity that was observed through flow cytometry was caused by a 205 changing DNA or RNA content, and in this way get more information about the cause of 206 the observed phenotypic shift. Based on this tentative peak assignment, differences in 207 nucleic acids between the coculture and the axenic populations were observed for both 208 taxa ( Fig. S8) . However, there was no consistency in whether this considered an 209 increase or a decrease (i.e. for some wavenumbers the average intensity was higher in 210 the coculture, while for other wavenumbers the intensity was higher in the axenic 211 culture). When considering only uracil and thymine it remained impossible to draw a 212 conclusion regarding whether DNA or RNA differences contributed most to the 213 observed phenotypic shift ( Fig. S8) . There is an interest in understanding the implications of phenotypic heterogeneity in 216 both natural and engineered microbial ecosystems. Our current knowledge is mainly 217 based on experimental set-ups using axenic cultures. This is partly due to the fact that it 218 is not straightforward to assess the phenotypic heterogeneity of an isogenic population 219 in a mixed community. In order to circumvent this issue we present a membrane-based 220 synthetic community setup. Using this setup we investigated the effect of microbial 221 interactions on the individual phenotype and phenotypic diversities of the interacting 222 taxa.
223

Effect of interaction on phenotype and phenotypic diversity 224
Based on flow cytometric fingerprinting, the phenotypic diversity of both community 225 members was lower when they were grown in a coculture compared to when they were 226 grown as axenic cultures ( Fig. 2 A, S6 and S7 ). This effect of interaction on population 227 diversity was more pronounced for Enterobacter than for Pseudomonas, indicating that 228 different taxa had different phenotypic responses to the interaction. When comparing 229 the phenotypes of the populations through beta-diversity assessment ( Fig. 3) and 230 Raman spectroscopy ( Fig. 5 ) a similar observation was found. The differences between 231 the phenotypic state of Pseudomonas in the coculture and in the axenic culture were 232 smaller compared to the differences between Enterobacter in the coculture and in the 233 axenic culture.
234
Differences in scattering patterns were limited for both taxa, implying that there were 235 no large changes in cell morphology (44). Since SG staining is a stoichiometric staining, 236 a higher fluorescence signal is directly related to a higher concentration of stained 237 13 nucleic acids (45, 46) . In terms of nucleic acid content, large differences were observed 238 for Enterobacter and limited differences for Pseudomonas, with Enterobacter shifting 239 towards high nucleic acid individuals ( Fig. 2 B and C, Fig. S7 ). This can indicate 240 different physiological shifts. On the one hand, the DNA copy number could be 241 increased, implying an adaptation of the cell cycle. Although both bacteria were 242 expected to be in stationary phase at all sampling points ( Fig. S1) , it is possible that Through single-cell Raman spectroscopy, which offers an in depth view on the 251 biochemical phenotype, we attempted to investigate which of the above mentioned 252 scenarios was most likely to be occurring. Using a reference-based peak assignment, the 253 Raman spectra indicated differences in wavenumbers which were potentially related to 254 DNA and RNA, and in this way support both hypotheses (Fig. S8) . It should be noted Several uptake-or metabolic pathways are often simultaneously active in a single 261 taxon's population (48, 49) . Interspecies interactions are known to alter the intensity of 262 the production pathways that are active in interacting bacteria (50, 51), and hence, they 263 may be influencing population heterogeneity. For example, the interspecies interactions 264 may allow species to share products of costly pathways, and in this way deprioritize 265 some functions which would be necessary for the proliferation in monoculture, such as 266 production of certain amino acids (50, 52). Since costly production pathways are often 267 expressed by only a fraction of a clonal population (15, 53), sharing of these pathways 268 between genotypes might allow one or both interacting genotypes to steer the 269 distribution of their costly phenotypes, and hence reduce their population 270 heterogeneity. This would enable each genotype to occupy the functions at which it is 271 most performant, thus, creating a mixed community with a higher overall performance.
272
The increased cell density in the mixed culture as compared to the axenic cultures may 273 indicate this increased performance (Fig. S5) . The idea of pathway sharing is in line 274 with the observation that the gene-essentiality for a specific taxon is dependent on its 275 community partners (54). Asides these cooperative interactions, competition may also 276 explain the reduction in phenotypic diversity. It may confer a competitive advantage for 277 a taxon to reduce its heterogeneity and in that way reduce the fraction of individuals 278 that are in a suboptimal state for exploiting the current environmental conditions (13).
279
In this study, the community was predicted to be dominated by Pseudomonas (Fig. 4) . A 280 possible explanation for the fact that Enterobacter showed a stronger reduction in 281 phenotypic diversity may be that Enterobacter needed to reduce its heterogeneity more 282 in order to compete with Pseudomonas. An Enterobacter sp. and a Pseudomonas sp. were selected from a set of drinking water 333 isolates which were isolated on R2A agar and provided by Pidpa (Provinciale en 334 Intercommunale Drinkwatermaatschappij der Provincie Antwerpen, Belgium).
335
Preliminary tests showed that these isolates had distinct cytometric fingerprints, as 336 determined by the method of Rubbens et al. (30) , and reached stationary growth phase 337 in M9 supplemented with 200 mg/L glucose within 24 hours at 28°C, starting from a 338 cell density of 10 6 cells mL -1 (Fig. S1) Corning Incorporated) where apical and basal compartments were created using cell 345 culture inserts (ThinCert™ Cell Culture Inserts with pore diameter 0.4 µm, Greiner Bio-346 One). The membranes of the culture inserts were replaced by membranes with smaller 347 pore sizes to avoid migration of bacteria between the two compartments (Whatman ® 348 Cyclopore ® polycarbonate and polyester membranes with 0.2 µm pore size, GE Life 349 Sciences). Four synthetic communities were created, being two axenic cultures, a 350 physically separated culture and a mixed culture (Fig. 1) . Each community was 351 prepared in triplicate and randomised over the plates to account for plate effects.
352
Before the start of the experiment, both bacteria were grown on nutrient agar (Oxoid, medium. The required dilution was high enough to neglect differences in volume of 358 fresh medium, and thus resources for growth, that were needed to prepare the cultures.
359
The starting cell densities were set to have the same initial cell density of 10 6 cells mL -1 360 in each synthetic community, and with equal relative abundances for both community 361 members in the cocultures and mixed cultures ( Table S1 ).
362
The 6-well plates were incubated at 28°C and gently shaken (25 rpm 
386
Raman spectroscopy 387 Prior to analysis, the fixed sample was centrifuged for 5 minutes at room temperature 388 and 5000 g, and the pellet was resuspended in 0.22 µm-filtered milli-Q (4°C). 10 µL of 389 cell suspension was spotted onto a CaF 2 slide (Crystran Ltd., UK) and air-dried for a few 390 minutes. The dry sample was analysed using an Alpha 300 R confocal Raman 391 microscope (WITec GmbH, Germany) with a 100x/0.9NA objective (Nikon, Japan), a 785 392 nm excitation diode laser (Toptica, Germany) and a UHTS 300 spectrometer (WITec 393 GmbH, Germany) with a -60°C cooled iDus 401 BR-DD CCD camera (Andor Technology 394 Ltd., UK). Laser power before the objective was measured daily and was about 150 mW.
395
Spectra were acquired in the range of 110-3375 cm -1 with 300 grooves/mm diffraction 396 grating. For each single cell spectrum, the Raman signal was integrated over 40 s. All
397
Raman samples were analysed within 1 week after sampling, with minimal time 398 between them to limit possible differences caused by differences in storage duration.
399
For each population between 51 and 55 single cell spectra were measured from a single 400 biological replicate population. To allow for a fair comparison, 51 spectra were selected 401 20 from each population for further analysis. The spectra with the lowest intensity were 402 assumed to be of lesser quality, and were therefore discarded. 
Figure legends
